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Executive Summary 

Inlets to aircraft propulsion systems must supply flow to the compressor with minimal 
pressure loss, flow distortion or unsteadiness. Flow separation in internal flows such as inlets 
and ducts in aircraft propulsion systems and external flows such as over aircraft wings, is 
undesirable as it reduces the overall system performance. The aim of this research has been to 
understand the nature of separation and more importantly, to explore techniques to actively 
control this flow separation. In particular, the use of supersonic microjets as a means of 
controlling boundary layer separation was explored. The geometry used for the early part of this 
study was a simple diverging ‘Stratford’ ramp, equipped with arrays of supersonic microjets. 
Initial results, based on the mean surface pressure distribution, surface flow visualization and 
Planar Laser Scattering (PLS) indicated a reverse flow region. We implemented supersonic 
microjets to control this separation and flow visualization results appeared to suggest that 
microjets have a favorable effect, at least to a certain extent. However, the details of the 
separated flow field were difficult to determine based on surface pressure distribution, surface 
flow patterns and PLS alone. It was also difficult to clearly determine the exact influence of the 
supersonic microjets on this flow. 

In the latter part of this study, the properties of this flow-field and the effect of supersonic 
microjets on its behavior were investigated in further detail using 2-component (planar) Particle 
Image Velocimetry (PIV). The results clearly show that the activation of microjets eliminated 
flow separation and resulted in a significant increase in the momentum of the fluid near the ramp 
surface. Also notable is the fact that the gain in momentum due to the elimination of flow 
separation is at least an order of magnitude larger (two orders of magnitude larger in most 
cases) than the momentum injected by the microjets and is accomplished with very little mass 
flow through the microjets. 

A new model was subsequently designed where the magnitude and extent of separation 
could be controlled and also the effect of microjet control could be examined over a wide 
parametric range. As the results presented in the latter portion of this report will show, microjets 
were successfully used to control the separation of a much larger extent and magnitude. This 
study also demonstrated that the microjet parameters could be optimized to reduce the mass 
requirements significantly, while allowing for effective separation control. Consequently, one of 
the main outcomes of this research program is a clear demonstration of the significant potential 
of using microjets for separation control in practical applications. 



1. Introduction 


Boundary Layer separation entails significant energy loss, increases the flow 
unsteadiness and limits the performance of many flow devices. Design of engine inlets is one 
area where prevention of flow separation may be significant in improving the overall efficiency 
of the vehicle. Flow separation can be prevented in engine inlets by increasing the inlet length 
which generates a more gradual pressure gradient. However, the increase in the inlet length 
required to avoid separation and its associated losses may increase the size of the overall 
vehicle 1 . In addition, for certain military applications, the inlet design is also constrained by low 
observability requirements. More commonly, a serpentine inlet is used to block the line of sight ’ 
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to the compressor face, thereby reducing the radar signature from the compressor face. Similar 
“buried” propulsion systems have also been considered for the Blended Wing Body (BWB) 
design 4 . 

In case of BWB, the engines are located at the aft end of the aircraft and hence require 
the ingestion of a thick boundary layer developed over the aircraft surface. The degraded 
condition of this boundary layer makes it much more susceptible to separation when it 
encounters the pressure gradients of a diffusing inlet duct. The pressure loss due to this 
separation reduces the overall system efficiency. Moreover, flow distortion and unsteadiness 
created due to this separation can also result in aerodynamic stall and surge in the compressor 
and fan blades 5 ’ 6 . Consequently, it is highly desirable to avoid boundary layer separation in inlets 
as it can significantly diminish the engine performance. 

Not surprisingly, a substantial amount of research aimed at controlling boundary layer 
separation ’ has been conducted. Conventionally, the following approaches have been applied 
for separation control: 1) Tangential blowing to directly energize the low momentum region near 
the wall ' , 2) Wall suction ’ to remove the low momentum region, 3) Vortex generators 
(v.g’s and micro v.g.’s) in the form of vanes and bumps 14-15 , 4) Forced excitation devices e.g. 
acoustic excitation 16,17 and synthetic jets 18-19 . Tangential blowing and suction are very effective 
in controlling separation. However, they have the parasitic cost involving high-pressure (mass 
flux) sources and are infrequently used. Vortex generators are among the most widely examined 
flow control methods, where v.g.’s of various shapes and sizes have been used to control 
boundary layer separation 16 . Although the mechanism is still not well understood, it has been 



suggested that the v.g.’s produce strong vortices, which enhance the mixing between the high 
momentum core flow and the low momentum boundary layer flow, thus energizing the boundary 
layer fluid 1 . However, the perfonnance of these v.g.’s, which are passive in nature, has been 
somewhat limited; usually there is a need to optimize their location, size and other parameters to 
achieve optimal performance for specific operating conditions. In addition, they have an 
associated parasitic drag when they are not in use. 

An excellent review of active flow control techniques has been published by Greenblatt 
and Wygnanski . As discussed in their review of the use of acoustic excitation methods for 
separation control (over airfoils), §3.2 in reference 20, they note that certain methods, such as 
those used by Ahuja et. al 17 and Zaman et. al 16 have shown some benefits. However, these 
acoustic excitation studies were in most cases facility dependant and therefore perhaps of limited 
use from a practical perspective. To quote Greenblatt and Wygnanski (pp. 492) “The drawbacks, 
however, outweigh these positive aspects”. Other active flow control devices, such as synthetic 
jets have also been examined for separation control applications. Amitay et al. demonstrate 
that their synthetic jet-based actuators provided some control of flow separation in a duct. The 
measurements of Amitay et al consisted of pitot surveys which showed that flow attachment was 
generally obtained for a limited region of the flowfield and complete reattachment was limited to 
a few cases. Similar flow control devices have been employed by Jenkins et al 19 who employed 
piezoelectric-synthetic jets to control flow separation over an adverse pressure gradient ramp 
essentially identical to the one used in the present study. Based on their results, Jenkins et al. 
conclude that their synthetic jets did not work, primarily due to “insufficient velocity/momentum 
output” which is needed to achieve effective control. 

A different approach, one which employs microjets to control flow separation, has been 
presented in this paper. In this study, we plan to investigate the efficacy of using high-speed, 
supersonic for most applications, microjets to control flow separation. Based on their success in 
other applications and the fact that supersonic microjets provide a unique combination of high 
momentum and low mass flow rates, we anticipated that these active flow control devices may 
also be effective in separation control. It is well-known that jets in crossflow, which is in 
essence the flow generated by the actuation of microjets, can generate longitudinal streamwise 
vortices"" in a boundary layer. These vortices in turn appear to increase cross-stream mixing thus 
increasing the streamwise momentum of the near-wall fluid. It was our expectation, that in a 
manner similar to solid vortex generators (but perhaps more efficiently), high-speed microjets 
would thus energize the boundary layer fluid by creating strong streamwise vorticity , thereby 



enhancing mixing with the more energetic flow. Furthermore, due to their small size, relative 
simplicity and ease of implementation, if successful, engine inlets or other flow surfaces, such as 
airfoils, can be relatively easily populated with these microjets. 


2. Experimental Details 

The experiments were conducted in a subsonic, closed return, wind tunnel with a 
maximum freestream velocity of 65m/s in the 48”x24” test section. A Pitot static probe was used 
for measuring the inlet flow speed of the wind tunnel. The initial geometry used for the test 
model was a simple adverse pressure gradient ramp, similar to model used at the NASA Langley 
Research Center for examining the effectiveness of various control techniques 19 . This geometry 
produces a Stratford like pressure gradient in the test section. A picture of this model, mounted 
in the wind tunnel, is shown in Fig. 1. The pressure distribution in the test section is determined 
from the surface pressure measurements made along the ramp. This ramp is equipped with 
approximately 50 surface static pressure ports to obtain mean pressure distributions. The 
pressure ports were placed along the model centerline, as well as in transverse rows at selected 
locations. The pressure coefficient, C p , is then determined using the conventional definition 
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A schematic of this ramp is also shown in Fig. 2. As shown in the figure, the ramp begins 
at X=0" and is preceded by a flat region of 21.5". The figure also indicates the region where the 
PIV measurements, discussed later in this report, were obtained. As shown in this figure, PIV 
data was obtained at two longitudinal planes, along the centerline and 0.1S away fonn the 
centerline, where S is the span of the ramp. This off-centerline plane is referred to as the “0.4S” 
location. Also, shown in the figure are the locations of microjets, where only the 1 st and 3 ld array 
of microjets were used for control purposes. Each row consists of about 60 microjets, 400pm in 
diameter. The microjets were oriented vertically, i.e. 90° with respect to the free-stream. The 
placement of these microjets with respect to separation location is expected to be a critical 
parameter for the control scheme. It was also anticipated that the actuators should be placed 
upstream of the separation zone for maximum effect. Since the exact location of the separation 
was not known, the microjets were placed upstream of the region where separation was observed 
in the NASA study 19 . The supply to these microjets was made using compressed nitrogen tanks. 



Nitrogen was used because it is easily available in pure fonn and has essentially the same gas 
dynamic properties as air. 


3. Results 

Experiments were conducted over an extended range of freestream velocities of lOm/s to 
65m/s. For all of these freestream velocities, various combinations of microjet location and 
pressure were studied. However, for the sake of brevity, unless otherwise stated, results 
discussed here are mainly limited to 40m/s, as it illustrates the principal flow features and its 
response to microjet control. The Reynolds number at the ramp leading edge at 40m/s is 1.256 x 
10 6 . At this velocity, the boundary layer thickness, 8 was measured at the leading edge at the 
centerline (using a boundary layer pitot probe) and was found to be 0.75 inches. The boundary- 
layer profile was in close agreement with seventh power law profile indicating that the incoming 
boundary layer is nominally turbulent. Under these conditions, the corresponding displacement 
thickness, 8* and the momentum thickness, 9 at the ramp leading edge were estimated to be 0. 12" 
and 0.08", respectively. 

3.1 Surface Properties: Pressure Distribution 

Fig. 3 shows a comparison between the measured C p distributions for the baseline, 
uncontrolled flow at 40m/s and flow with microjet control, where the first microjet array (MJ1) 
has been activated at 25psig. As shown in figure, C p values have been plotted on a reverse scale 
on the y-axis. For reference, the ramp geometry is also included, where the ramp height is 
indicated on the y-axis on the right and the location of the first and the last array of microjets is 
shown in dashed lines. The repeatability of these experiments was checked over a period of four 
months and the results were found to be repeatable within 1%. It is observed that upstream of the 
microjet location, the baseline and the microjet control cases show a similar pressure 
distribution. Downstream of the microjet location, however, the pressure distributions differ, the 
pressure recovery being higher for the control case. Similar observations for C p distributions 
were made by Fin 15 in his study of separation control using passive control devices. Although the 
pressure recovery is improved with microjet control, the improvement does not seem to be 
substantial. As the following results will show, this may partially be because for this case the size 
of the separation is somewhat limited. Hence the pressure loss will be correspondingly small 
resulting in a corresponding small recovery when separation is eliminated. Pressure distribution 
along the centerline, however, provides only limited insight into the flow behavior and based on 



Cp distribution alone, it is difficult to conclusively determine whether the effect of microjets is 
beneficial and to what extent? 


3.2 Surface Flowfield Visualization: A Qualitative Study 

The surface flow field was then visualized to further characterize the nature of the 
separation region on the model. In general, the surface flow streamlines are skin friction lines as 
they are formed under the influence of wall shear stresses rather than pressure gradients. 
However, this is not true for reverse flow regions where the surface shear stress is very small and 
the motion is a result of both shear stress and pressure gradient. As such, the lines of separation 
indicated by the flow pattern are normally ahead of the actual separation location - . The surface 
streamline pattern for flow without control is shown in Fig. 4a. Also sketched on Fig. 4a, are the 
streamlines indicating the flow direction. These streamlines have been drawn based on the visual 
observations during the experiment. 

The horizontal streamlines in the upstream, left half, of Fig. 4a indicate that the flow field 
is fairly uniform and relatively two-dimensional in this region. However, three-dimensional 
effects can be observed immediately downstream of the ramp leading edge. The ‘secondary 
flow’ near the ramp edges also (see Fig. 4a) appears just downstream of the location where the 
ramp begins. This secondary flow may in part be due to comer vortices generated at the edges of 
the model, however its exact nature and its effect, if any, on flow separation is not clear at this 
point. 

The reverse or separated flow region is also indicated in Fig. 4a. The surface streamlines 
emanating from the front stagnation point (SI) form a separation bubble, which ultimately spirals 
around two focal points FI and F2. These focal points are also the point of local pressure 
minima. The streamlines then reattach at S2. In essence, the surface flow pattern shows a 
‘trapped’ separation bubble, generated due to the ramp. The effect of flow control on the surface 
flow pattern is shown in Fig. 4b. As seen in this surface flow trace, no regions of reverse velocity 
are visible. The flow pattern, however, is not completely two-dimensional and three-dimensional 
features, such as diverging streamlines, can be noticed. As discussed later, it is anticipated that 
one of the mechanism at work in the present control technique is the introduction of streamwise 
vorticity by the microjets. As such, one may argue that some of the features in Fig. 4b are similar 
to footprints of streamwise vortices. However, at present the exact nature of these features is not 
clear. What is clear is the fact that the microjets eliminate the large 3D separation bubble seen in 



Fig. 4a. In the following sections, we examine the flowfield in further detail using the velocity 
field measurements to better quantify the effect of microjets on the separated flows. 

To verity the shape of the separation bubble above the surface, PIV measurements were 
subsequently obtained along the centerline plane and at two planes away from the centerline, as 
described in §2. Only velocity-field data for the ‘Centerline’ plane (see Fig. 2b) has been 
presented here for the sake of brevity. 

3.3 Particle Image Velocimetry 

The flow field above the surface was quantitatively studied using the two-dimensional (2- 
D) Particle Image Velocimetry (PIV) technique, which provides two components of the velocity 
in a given plane. The test section was seeded with smoke particles, approximately 5pm in 
diameter, using a Rosco fog generator. A New Wave™ Nd-YAG pulsed laser with a repetition 
rate of 15Hz was used to illuminate the particles introduced into the flow field. Each PIV image 
pair was then acquired using a Kodak ES 1.0 high-resolution CCD camera capable of recording 
10-bit digital image pairs in separate frames at a rate of 15-image pairs/second. Further details of 
this PIV technique can be found in Lourcnco" et al. One of the main advantages of this PIV 
technique is a novel processing scheme with high spatial resolution that uses image matching to 
extract the particle displacements, hence the velocities, from particle image pairs - . 

3.3.1 Baseline Case: 

A typical processed instantaneous velocity vector field for the no control case, obtained 
using the PIV technique, has been shown in Fig. 5a. Smoke was introduced from the surface 
ports in the upstream section of the model and the entrained particles were visualized using a thin 
laser sheet generated using an Nd-YAG laser. A significant reverse flow region is clearly 
evident. A discussion of the flowfield with microjets activated at 25 psig, shown in Fig. 5b is 
delayed until the effect of control is discussed later in the paper. For a better understanding of the 
separation region and the effect of microjet control, mean flow properties are presented next. 

Fig. 6a show the streamwise component U, of the mean velocity field in the centerline 
plane, corresponding to a freestream velocity of 40m/s. Note that in these and all subsequent PIV 
data included in this paper, the ramp model is on the top of the plot; the freestream flow is from 
left to right and the microjets issue from the top. The inset in Fig. 6a shows the ramp geometry 
and the region where the PIV data was obtained. In these plots, all the distances are non- 
dimensionalized with respect to the ramp height. The y-axis represents the vertical distance from 



the base of the ramp and the x-axis is the streamwise distance from the ramp leading edge (Refer 
to Fig. 2a for the origin of the coordinate frame). 

A closer look at the plot shows that as one proceeds downstream in the vicinity of the 
surface, there is a rapid deceleration in the fluid velocity, which eventually leads to a region of 
reverse flow. This reverse flow zone corresponds to the dark blue velocity contours (Fig. 6a) and 
starts around x/H =1.6 and approximately ends around x/H = 2.2 (corresponding to a physical 
length of approximately 2 inches). A small sub-region of this flow field, roughly indicated by the 
box in Fig. 6a, has been magnified in Fig. 6b, which shows the velocity vectors. The presence of 
reverse flow, close to the ramp surface, is clearly visible in this plot, indicating that the flow has 
separated locally resulting in a separation bubble with recirculating flow. Although not included 
in this paper for the sake of brevity, the presence of reverse flow was further confirmed by 
examining the vertical component of the velocity (perpendicular to freestream). Contour plots of 
this velocity component clearly reveal the presence of low magnitude velocity fluid moving 
away from the boundary in the same region where reverse flow field is seen in the streamwise 
velocity components. As noted by other researchers 15 , it was also observed that increasing the 
freestream velocity causes the flow to separate further upstream, while the flow attachment 
location does not change appreciably, leading to a larger separation region. Though these results 
are not included here, freestream velocities up to 65 m/s were examined, resulting in much larger 
separation zones than the 40 m/s case discussed in this paper. These larger separated flows were 
subsequently controlled using microjets. 

As noted earlier in the discussion of the surface flow traces, this separation appears to be 
three-dimensional in nature. Hence, ideally, one would like to obtain velocity measurements in 
planes perpendicular to the freestream flow, i.e. in the Y-Z plane (see Fig. 2b); such 
measurements are planned in future experiments. At present, PIV measurements were obtained at 
three off-centerline axial planes to provide some insight into the three-dimensional effects. 
Although not shown here, a comparison to the centerline velocity field (Fig. 6a) reveals that as 
one moves away from the centerline plane, the size of the bubble at grows appreciably larger (at 
the 0.4W plane) and then reduces as one approach the sides of the ramp. This result is consistent 
with our earlier observation based on the surface flow pattern. 

3.3.2 Effect of Microjet Control 

The visual effect of the microjets can be seen from the instantaneous velocity vector field 
in Fig. 5b, obtained using PIV. The image was obtained with the 3 rd array of microjets, MJ3, 



operating at 25psig. A comparison with Fig. 5a, clearly illustrates that not only has the reverse 
velocity zone been eliminated, but, there has also been a significant momentum addition along 
the surface. To study this effect of microjets, the influence of various parameters on separation 
control was examined, as described next. 

The first parameter considered was the freestream velocity. Fig. 7a presents the 
streamwise velocity data for the centerline plane at 40m/s, where the 3 rd array of microjets is 
operating at 25psig. A comparison of Fig. 7a with Fig. 6a shows that the activation of microjets 
completely eliminates the reverse flow region; very similar effects were also observed for the 
50m/s case, where the separated flowfield was 15-20 % larger. It was also noticed that at 40m/s, 
the velocity measured with control near the surface was somewhat higher than for the 50m/s 
case. This suggests that the ratio of the microjet momentum relative to the freestream momentum 
may be an important parameter. This effect of the momentum flux ratio is of course well known 
and has been discussed by numerous other investigators" . 

To quantify the efficacy of microjet control in terms of the mass and momentum flux 
supplied by the microjets, the mass flux coefficient, M*, and the steady momentum coefficient, 
(fy were defined as follows: 

M*= (Mass flux of the microjets) / (Mass deficit based on 8) 
where, 8 is the boundary layer thickness at the ramp leading edge. 

The mass flow rate, mj n , through the supersonic microjets can be conservatively 
estimated by assuming choked flow through the micro-nozzles. The mass coefficient is then 
given as: 


M * = 
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where, p x is the freestream density, U„ is the freestream velocity, and y is the span of the ramp. 

The momentum flux ratio is given by the conventional definition of the steady 
momentum coefficient 20 and is given as 
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where N is the number of microjets, and Uj is the jet velocity. 

Thus, C M is the ratio of the magnitude of the total momentum injected into the flow 
relative to the freestream dynamic pressure multiplied by an appropriate area - chosen as Sy in 
the present case. These values of (fy and M* for various microjet operating pressure have been 



plotted in Fig. 8. As expected, and M* are related such that small increments in M* yield 
progressively larger C u s, thus accounting for the effectiveness of microjets with relatively little 
mass flow injection. Measurements show that increasing the microjet operation pressures, i.e. 
increasing the C u results in higher velocities closer to the ramp surface, indicating the presence 
of higher momentum in the near- wall region. The reason behind this behavior may be due to one 
or more of the following; as C u increases a) more momentum is directly injected into the 
boundary layer, b) strong streamwise vortices 22 are generated which enhance mixing with the 
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outer, high momentum fluid and or c) The microjet jet momentum and penetration depth ’ 
increases, enhancing the transfer of momentum from the freestream fluid to boundary layer fluid. 

A magnified view of a selected region for the 40m/s case (Fig. 7a) is shown in Fig. 7b, in 
the form of a velocity vector plot. A comparison with the corresponding plot, Fig. 6b, shows that 
with the activation of microjets, velocity vectors in the zone previously corresponding to reverse 
flow now possess significant momentum in the forward direction. At 25 psig, the mass flux 
supplied by the microjets is approximately 1.7 % of the mass flux across the ramp, based on the 
boundary layer thickness, i.e. M* = 0.017. This pressure corresponds to a of 0.397 or 39.7%, 
which amounts to a C M of 6.3e-03/jet, which is much higher than the 2e-03/jet value quoted by 
Amitay 18 . 

In general, any separation control input must be applied at or close to the separation 
point. To investigate the effect of the actuator location, experiments were conducted with 
microjets at different axial locations along the ramp. The microjets were successful in 
eliminating the reverse flow region regardless of their location. However, upon comparing the 
effect of MJ1 with the results shown in Fig. 7a, for the 3 array of microjets (MJ3), it appears 
that, although both microjet arrays were able to eliminate separation, higher velocities closer to 
the surface were obtained with the activation of MJ3. In addition, the reverse flow region was 
eliminated with a lower momentum flux input using MJ3 compared to MJ1, indicating that, as 
expected, choosing an appropriate location to apply flow control is an important parameter for 
optimal flow control. 

Whether the microjets eliminate the entire three-dimensional separation region was also 
examined using the PIV results acquired at the Off-Centerline locations. Although separation 
was completely eliminated, it was noticed that the effect of control was not as pronounced as in 
the centerline plane. For example, the magnitude of the U component of the velocity, near the 
ramp surface was somewhat less than the velocities measured along the centerline. The reasons 



for this are attributed to the three dimensional nature of the separation bubble and perhaps also 
due to the presence of secondary corner flow as discussed in § 3.2. Although the details of the 
effect of microjets at off-centerline locations are not completely understood at present, there is 
no doubt that overall, they have a beneficial effect in that the microjets eliminate or significantly 
reduce the size of the separation region. An examination of the three-dimensional effects is the 
main focus of ongoing research at our laboratory. 

4. Microjets: A Closer look at Effect of Control and Flow Mechanisms 

In order to detennine whether the significant increase in the momentum near the ramp 
surface is simply due to the direct injection of momentum by the microjets, we define a 
parameter referred to as the ‘momentum gain ratio’, MGR. It is the ratio of the increase in 
momentum due to microjet control relative to the momentum injected by the microjets. Hence, 
MGR is given as: 

, „ D momentum With Control - momentum No Control 
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The momentum flux with and without control was calculated at axial locations by 
numerically integrating the velocity field data. A comparison of the momentum gain achieved 
with the application of different microjets at various operating pressures is listed in Table 1 and a 
corresponding plot is shown in Fig. 9. Both the tabulated results and the plot clearly show that 
for the same values the momentum gain achieved with MJ3 is significantly more than that 
achieved with MJ1. In particular, at 25psig, the momentum gain with MJ1 is 7.8, while the 
momentum gain achieved with MJ3 is 30. This reaffirms the notion that the location of the 
actuators relative to the separation location plays a very important role in the efficacy of control. 
Furthermore, it suggests that closer one is to the separation location; more effective control can 
be achieved. 

This high momentum gain ratio clearly indicates that some other mechanism(s), distinct 
from direct injection of momentum plays an important role in this control approach. As 
mentioned earlier, one of the physical mechanisms we expect to be of significance is the 
generation of streamwise vorticity by the supersonic microjets ’ . This streamwise vorticity is 
expected to enhance the entrainment of the freestream fluid into the boundary layer. In addition, 




it may also promote mixing between the low momentum portions of the boundary layer, very 
close to the surface, with the higher momentum fluid away from the wall, thus preventing or 
delaying separation. 

To further explore and understand the effect of the microjets, we sought to delineate the 
effects of flow control on the momentum gain (MGR) into two regions as follows. We first 
identify a region where the near- wall fluid ‘directly’ encounters the microjets and define its 
extent as the maximum penetration depth of the microjets. Hence, this defines the zone in which 
the microjets may influence the local flow directly. The second zone is the remainder of the 
boundary layer flow outside the area of direct influence. In this second zone, the gain in 
momentum due to flow control may be more strongly influenced by other mechanisms, such as 
the generation of streamwise vorticity, physical mechanisms that we collectively refer to as the 
‘secondary effects’ of the microjets. As documented by others - ’ , the penetration depth of jets 
in cross-flow is mainly a function of the momentum ratio. Although there are a number of 
primarily empirical correlations available in literature for estimating the penetration of jets in 

cross-flow, for the present analysis, the maximum jet penetration, Y max of a single jet into a duct 
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with a cross-flow was evaluated using Norster’s equation . 

/ o fy0.5 
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where pj is the jet density, dj is the jet diameter and Sj is the microjet blowing angle at the vena 
contracta. 

Using the above correlation, the penetration of the microjets was detennined to be 
approximately 0.2", almost l/4 th of the boundary layer thic kn ess. This leads to the definition of 
the region of direct influence as that below this ‘quarter’ boundary layer plane, 80 . 25 ■ Outside 
80.25, one would expect the gain in momentum to be due to the secondary effects, as discussed 
above. Using these definitions, the momentum again ratio for MJ3 operating at 25psig is 
evaluated at various axial locations for both the direct and secondary effects and the results are 
shown in Fig. 10. The plot shows that downstream of the microjet injection location, the ‘direct 
effect’ initially starts to grow rapidly. This initial rapid growth of the directly effected zone 
occurs in the vicinity of the microjet injection location, a region generally identified as where the 
initial evolution - penetration into and turning due to the freestream flow - occurs . Further 
downstream, the momentum gain due to the direct effects appears to saturate and even decline. 
However, the contribution of the secondary effects continues to grow downstream of the 



injection location and plays a proportionally larger role as one move downstream. This suggests 
that the secondary effects - which we suspect to be due to the generation of streamwise vorticity 
- continue to energize the boundary layer flow by entraining high momentum fluid from the 
freestream. 

We recognize that there are many ways in which one can examine the results obtained in 
our study to better elucidate the flow physics behind this control technique; the preceding 
analysis and discussion is a one simple, phenomenological-based, attempt to do so. This is an 
issue that we are continuing to study further and in more detail and hope to gain a better 
understanding through additional experiments and analysis. However, it is clear at this point that 
the present control technique is not effective simply due to the direct injection of momentum into 
the boundary layer of fluid. 

Next, we briefly examine the effect of microjets on the flow unsteadiness. Fig. 1 la and 
lib present the fluctuating component of the streamwise velocity, U rms for the uncontrolled and 
the controlled cases, respectively. As before, these results correspond to a freestream velocity of 
40m/s where the 3 rd array of microjets (MJ3) was activated at 25psig for the controlled case. In 
these contour plots, Umis has been non-dimensionalized with the freestream velocity. A 
comparison of Fig. 1 la with Fig. 1 lb, illustrates that the velocity fluctuations associated with the 
flow have been dramatically reduced, by as much as 50% or more. In fact, most of the regions 
associated with high fluctuations have disappeared. Not only have the velocity fluctuations have 
been reduced in magnitude, but also the regions in which these fluctuations occur have become 
much smaller. Although not shown here, a comparison of turbulence kinetic energy associated 
with the uncontrolled and controlled cases was also made 34 . It was observed that level of 
turbulence associated with the flow was also reduced by almost 50%; similar effects were 
observed at higher freestream velocities. 

To summarize, although the physical mechanisms behind microjet control still need to be 
explored further, based on the use of microjets in other applications ’ ’ and on our present 
results, it appears that the streamwise vorticity due to the microjets may play a primary role in 
this control approach. The generation of streamwise vorticity can be due to a number of 
mechanisms. First, the microjets may behave as fluidic ‘tabs’ much like the micro-v.g.’s used in 
earlier work 14 ' 15,19 . Second, the vorticity in the microjets is redirected in the streamwise direction 
by the mean flow, and finally the microjets may also redirect the spanwise vorticity in the base 
flow in the streamwise direction by vorticity ‘tilting’. These mechanisms may be similar to those 
discussed by Alvi et al. in the context of impinging jet control using microjets. 



5. The New Test Model 


Within the constraints of our first-generation ramp model, we explored the effect of some 
of the above parameters on the separated flow and the efficacy of microjet control. The first 
parameter is nature of pressure gradient itself, which in our case is of the “Stratford” kind. The 
adverse nature of the pressure gradient generated by the ramp caused the flow to separate and 
subsequently reattach downstream, enclosing a separation bubble. As expected, the Reynolds 
number also affected the separation location and size. It was observed that an increase in the 
freestream velocity from 40m/s to 50m/s caused the separation region to grow by almost 15 % 
and also the separation location moved upstream. The third parameter examined is the location 
of microjets with respect to separation location, x/L. The results indicate that closer the microjets 
are to the separation location, more effective they are in controlling flow separation. The final 
parameter explored was the relative (to the freestream) magnitude of the momentum supplied by 
the microjets which is quantified as C M . As C L1 is increased, the flow near the surface became 
‘fuller’, marked by a noticeable increase in velocity near the surface. It was observed that with 
very low amount of mass flux (less than 1.5%), corresponding to a as high as 29.1%, we were 
able to very effectively control flow separation. 

With the lessons learnt from our initial study, a more flexible geometry both in the terms 
of the severity of separation and the microjet control parameters was needed. 

6. Microjet Control Further Explored Using the New Model 

Some parameters that are expected to have a significant effect on the separation location, 
size and the control mechanism are as follows: 

o Nature of pressure gradient, dp/dx (i.e. ramp geometry) 

o Reynolds number, Re 

o Location of microjets w.r.t. separation location 

o The relative momentum supplied, by the microjets, referred to as the momentum 
coefficient, C M . 

o Angle at which momentum is supplied to the boundary layer 
o Angle of attack of the ramp, 9. 
o Spacing between the microjets. 



To explore these parameters in a more detailed way and consecutively, to obtain a better 
understanding of the physical mechanisms responsible for the effectiveness of microjet control, a 
new model was designed and fabricated. The new model is highly flexible, allowing us to change 
the base flow as well as the control parameters. For example, the ramp can be rotated about a 
pivot point giving us the flexibility to change the adverse pressure gradient experienced by the 
flow, thereby controlling the nature - size and location - of the separated flow. 

This model has 29 static pressure taps along the centerline and more than 60 pressure taps 
along the transverse direction at tactical locations. A picture of this model, fabricated out of 
Aluminum, is shown in Fig. 12a. It also has 7 arrays of supersonic microjets incorporated on a 
separate insert shown in Fig. 12b. The microjets are 400 pm in diameter with spacing of 5mm 
(could be changed) and are located strategically around the separation location, keeping in mind 
the change in separation location with change in angle of attack. This microjet insert has slots for 
microjet modules (Fig. 12d). These modules are capable of supplying momentum at various 
angles and are interchangeable. A magnified view of the module revealing microjets has also 
been shown in Fig. 12d. The locations of these microjets and the modular insert are also shown 
in Fig. 13a and Fig. 13b. These flexibilities in the ramp model allowed us to study the 
parametrical effects on separation location in much detail. 

With the knowledge gained about the flow-field from our initial set-up, we concentrated 
mostly on the quantitative analysis of the flow field. Quantitative velocity field data was 
obtained using 2D-PIV along the centerline plane. The location of these PIV measurements is 
shown in Fig. 13a and 13b. 

6.1 2D-PIV: Microjets Revisited 

6.1.1 Baseline Case 

A representative of the ensemble averaged velocity field for freestream velocity of 40m/s 
has been shown in Fig. 14 where the ramp is at an angle of 5° (see Fig. 13b) and flow is from left 
to right. In these plots, length scales are non-dimensionalized with respect to ramp height, H. 
(Note that increasing the ramp angle corresponds to increasing the adverse pressure gradient on 
the ramp surface). A closer look at Fig. 14a reveals that as one proceeds downstream in the 
vicinity of the surface, there is a rapid deceleration in the fluid velocity, which eventually leads 
to a region of reverse flow. This reverse flow zone which corresponds to dark blue velocity 
contours, starting at around X/H=1.7 and extending till X/H=3.1, where H = 2.25", indicates that 
flow has separated locally and a separation bubble with recirculating flow is visibly present. In 


physical dimensions, the separation region for this case is ~3.2", which is considerably larger to 
the case where the ramp is at lower angles, e.g. for 0° case, the recirculation bubble is only 
~1.9". This of course is expected, since higher ramp angles results in more adverse pressure 
gradients hence larger separation regions. A sample case of the velocity field at 65m/s, with a 
ramp angle of 5°, is also shown in Fig. 15. A comparison to the 40 m/s case of Fig. 14, shows 
that the recirculation bubble is significantly larger, both in extent and magnitude. The contour 
levels have been modified to adjust the velocity changes. Although not shown here, similar 
results can be observed from the vertical velocity component also where low magnitude velocity 
moving away from the boundary can be observed in the same region where reverse flow field is 
seen in the streamwise velocity plots. 

To summarize, the adverse pressure gradient generated due to ramp geometry leads to 
local separation of the incoming boundary layer, where the size of the bubble increases with the 
freestream velocity and ramp angle (adverse pressure gradient). 

6.1.2 Effect of Microjet Control 

When microjets were turned on at suitable locations, it was observed that, the reverse 
flow or the separated flow region is eliminated, with very low mass flux. This result can be 
verified by the velocity contour plot shown in Fig. 14b where the microjet array at mj4, at an 
angle of 90° relative to the local surface, has been activated at a stagnation pressure of lOpsig. 
This effect of microjets was observed for all the conditions where the separated flow was present 
for the baseline case. A comparison with Fig. 14a (No control) indicates that with the activation 
of microjets not only was the reverse flow eliminated but the momentum near the surface is 
increased significantly. This effect of microjet control and the optimization procedure, i.e. 
identifying parameters to formulate a control strategy which has a maximal impact with minimal 
effort is presently being explored in detail. As a first step, we have presented the effect of 
microjet location later on in this report. Similar effect of control was observed at the highest 
velocity examined (65 m/s), where the extent and the magnitude of the separation region were 
much greater. This can be confirmed from Fig. 15b, where microjet mj5 at an angle of 90° to the 
ramp surface has been activated at 25psig and separation is completely eliminated. 

7. 1.2.1 Effect of Microjet Location 

The location of the actuation has been found to be critical by numerous investigators 19 . It 
stands to reason and is generally believed that actuation closer to the separation location would 



produce the most beneficial results. From our velocity field measurements, the separation 
location for the given flow conditions was known. Accordingly, the flowfield was examined for 
a number of cases where the microjet actuators were placed at varying distances, both upstream 
and downstream, relative to the separation location. As discussed subsequently, in some detail, 
the velocity field data reveals that in general the microjets are most effective when activated 
upstream of the separation location. There appears to be a range of locations upstream of 
separation, where their effect is optimal; once outside this range, either very close or too far 
upstream, the effect of control diminishes. Similarly, locating the actuators downstream of the 
separation is also non-optimal. However, for all the actuator locations examined to date, 
separation control could be achieved when the microjets were operated at the appropriate 
pressure. This required pressure increases as one moves outside the optimal actuator placement 
zone. 

To facilitate our discussion, Table 2 provides the approximate locations for the 
separation, and the actuators. A representative example of the velocity profiles for the 40 m/s 
case at a ramp angle of 5° is presented in Fig. 16, where U/Uinf is shown as a function of the 
vertical distance from the surface (Z/H) at a streamwise location of X/H=2.3. The location at 
which this data was extracted from the velocity field is shown as a dashed vertical white line on 
Fig. 15. For the controlled cases, the microjet angle relative to the surface is 68° and the microjet 
stagnation pressure is lOpsig. As evident in Fig. 16a, different locations have a different effect 
on the velocity profile. Keeping in mind that for this case, the flow separates roughly at X/H-1.7, 
the activation of mj2, which is significantly far upstream (at X/H ~ 0.7), at 10 psig does not lead 
to complete attachment and very small reverse velocities can still be seen in the plot ( mj2\ green 
curve). In contrast, the flow is completely attached and the velocity profiles become much ‘full’ 
with the activation of mj5 (orange curve), which is located at X/H~ 1.3, i.e. much close but 
upstream of separation. Along the same lines, when mj7 (@ X/H ~ 1.9, located downstream of 
the separation location, is activated the velocity profile deteriorates slightly relative to mj5, 
although the difference is minimal. 

With proper use of other control variables, this mass flow requirement is expected to go 
down further. Question is “how much lower?” OR “What should be the criterion for control?” 
Should the criterion just be that the flow is incipiently attached everywhere or should the 
increase in the momentum in the near-wall region of the boundary layer, i.e. the fullness of the 
boundary layer profile, be also considered? The answer to this question will likely come from a 
detailed cost function analysis, which is beyond the scope of this paper. What the present results 


show however is that the microjet pressure needed for the flow to be incipiently attached is 
~5psig. When extrapolated to a theoretical inlet duct, e.g. a 30% boundary layer ingesting duct - 
a nominal value used for BWB inlet, this results in a mass flow requirement that is well below 
the maximum permissible bleed flow values as quoted by engine manufacturers. This suggests 
that engine bleed flow may be used to supply the gas for the microjet actuators. 

7. Concluding remarks and Future work 

To summarize, our results till date based on PIV data show the dramatic effect of 
microjets in controlling flow separation, at least in the present test geometry. Our results indicate 
that the effect of microjets varies with the amount of momentum supplied via the microjets 
(which is proportional to microjet pressure) and also with their location and angle at which 
momentum is injected. These controlling parameters are coupled together, but yet by changing 
any variable, with sufficient pressure, the separated flow can be attached. 

The mechanism, as anticipated and as discussed before, is that these microjets serve the 
dual purpose of energizing the low momentum boundary layer flow and also act as “Fluidic 
Vortex Generators ” to prevent or delay separation. These vortices promote the mixing of lower 
momentum boundary layer fluid with outer higher momentum fluid and this enhanced mixing 
helps to control or delay the separation. The most significant advantage of using these microjets 
is that they can be turned on or off, as and when desired, thereby eliminating the associated 
penalty of reduced drag as with the conventional vortex generators. In addition, they are “very 
low mass-high momentum” devices, which make them all the more attractive from a practical 
point of view. 

In the next stage of the research, we plan to study the three-dimensional nature of this 
flow and the effect of the flow and control parameters in much more detail. Specifically, we 
plan on obtaining 3D-PIV measurements to examine and identify the details of the physical 
mechanisms behind microjet flow control. We also plan to use unsteady pressure transducers as 
sensing devices for the separated flow (indicating location and the magnitude of separation) and 
correspondingly control the flow using a closed loop control strategy. Through a much better 
understanding of these properties, we hope to devise a more optimal microjet-based control 
scheme. 
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Table 1: Momentum injected versus Momentum gain achieved for various microjet pressures. 


Microjet 

activated 

Microjet 

Pressure 

c, (%) 

Momentum 
Gain Ratio 
(MGR) 

MJ1 

10 

11.76 

13.22 

MJ1 

15 

19.58 

9.53 

MJ1 

20 

29.06 

4.71 

MJ1 

25 

39.71 

7.44 

MJ3 

10 

11.76 

49.61 

MJ3 

15 

19.58 

40.38 

MJ3 

20 

29.06 

33.56 

MJ3 

25 

39.71 

28.78 


Table 2: Ramp Configuration 


Ramp Height (H) 

2.25 " 


Approximate Locations (X/H) 

Microjets 

MJ2 

0.7 

MJ3 

0.9 

MJ4 

1.0 

MJ5 

1.3 

MJ6 

1.5 

MJ7 

1.9 

Separation begins 

40 m/s 

1.7 

Reattachment 

40 m/s 

3.1 
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Fig. 1- Ramp model, mounted in the wind tunnel 




Fig. 2- a) Schematic of the test section 
b) Detailed schematic of the ramp model 
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Fig. 3- C p distribution along the centerline at 40m/s; with and without microjets. 
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Fig. 4- Surface flow traces at 40m/s; 
a) No control b) MJ3@25psig 
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Fig. 5- a) Processed velocity vectors, No Control at 40m/s 
b) Processed velocity vectors, MJ3@25psig at 40m/s 
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Fig. 6- Velocity field for 40m/s; No Control. 
a) Streamwise velocity component, U b) Velocity vector for region indicated in (a) 
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Fig. 7- Velocity field for 40m/s; MJ3@25psig. 
a) Streamwise velocity component, U b) Velocity vector for region indicated in (a) 



Fig. 8- Steady momentum coefficient, C Ll Vs. Mass flux coefficient, M 




Fig. 9- Effect of Microjet location on MGR 



Fig. 10- A Comparative look at Microjet effects; MJ3@25psig 



Fig. 11- Root mean square (Urms) velocity; 


a) No Control b) MJ3@25psig 



Fig. 12- a) New ramp model b) Microjet actuator insert which slides into the ramp model c) 
Hinge, to which the ramp attaches; allows for changes in ramp angle, d) Microjet array inserts 

which slide into the insert shown in b). 
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Fig. 13- a) Test model mounted in the test section 
b) Schematic of the test model 



Fig. 14- a) Streamwise velocity data @40m/s: No Control 

b) Streamwise velocity data @40m/s: MJ4; 90°; lOpsig 







Fig. 15- a) Streamwise velocity data @65m/s: No Control 

b) Streamwise velocity data @65m/s: MJ4; 90°; lOpsig 



Fig. 16- Effect of Parametric variation (Location, Angle, Pressure) on mean velocity profiles 
X/H=2.3, U = 40 m/s, Ramp angle = 5° for MJ2, MJ5, MJ7; 68°; lOpsig 





